A Mn-based Heusler alloy Mn 2 NiSb has been synthesized. First-principles calculations and experimental measurements were employed to investigate its electronic structure and magnetism. Theoretical calculation indicates a ferromagnetic coupling in Mn 2 NiSb and a total spin moment of 4.21 B / f.u., which agrees quite well with the saturation moment at 5 K. This ferromagnetic coupling arises from the larger lattice constant and more valence electrons compared with other Mn-based Heusler alloys. The partial spin moments for Mn ͑A͒, Mn ͑B͒, and Ni are 0.6, 3.30, and 0.3 B , respectively. The Curie temperature of Mn 2 NiSb is 647 K, indicating a strong exchange interaction between Mn atoms.
I. INTRODUCTION
In recent years, studies on Heusler alloys have attracted much attention, one important reason being the martensitic transition in these alloys and their wide technical application as shape-memory alloys ͑SMAs͒, 1,2 especially the materials that both exhibit ferromagnetism and undergo martensitic transformations. In this kind of materials, the shape-memory effect can be controlled by application of an external magnetic field. They are also called ferromagnetic SMAs ͑FS-MAs͒. Among these alloys Ni 2 MnGa is the most well known and has been extensively studied. 1, [3] [4] [5] [6] [7] Based on this compound, more FSMAs such as NiMnX ͑X = In, Sn, Sb͒ ͑Ref. 8͒ have been reported. Unlike Ni 2 MnGa, these alloys do not show a martensitic transition in their stoichiometric composition. The phase transition happens only when some s-p atoms are replaced by Mn ͑Ni 50 Mn 36 In 14 , for example͒. Further more, a field-induced reverse phase transformation is observed in NiCoMnIn, 9 NiCoMnSb, 10 and NiMnSn. 11 This transition is accompanied by a large change in magnetization and electrical resistance. Therefore, this phenomenon is of great interest from both theoretical and technical points of view. The field-induced phenomena in these alloys are strongly related to their magnetic structure, especially the magnetic structure of the Mn atoms. 10 Therefore, the work on the electronic structure and magnetism of Mn-rich Heusler alloys is helpful to deeply understand the magnetism in NiMnX alloys and to design more FSMAs. 
II. EXPERIMENTAL METHODS
The Mn 2 NiSb ingots were prepared by arc-melting the constituent elements in a high purity argon atmosphere. The purity of the starting materials was 99.9% or higher. All ingots were melted at least three times for homogenization. The ingots were then wrapped in molybdenum foil and sealed in a quartz tube and annealed at 1073 K for 72 h under protection of argon atmosphere. X-ray powder diffraction ͑XRD͒ with Cu K ␣ radiation was used to check the crystal structure and to determine the lattice constants. The temperature dependence of the ac susceptibility was measured to determine the Curie temperature ͑T c ͒. The magnetization curves were measured in a superconducting quantum interference device magnetometer with applied fields of up to 5 T. Figure 1 presents the powder XRD pattern of Mn 2 NiSb. It is clear that a single-phase bcc pattern is obtained. The superlattice reflections ͑111͒ and ͑200͒ are quite clear, indicating that the highly ordered Heusler-type of structure has been formed. The derived lattice constant is 5.95 Å, as has been listed in Table I .
III. RESULTS AND DISCUSSION
It is known that the Heusler alloy has a stoichiometric composition of X 2 YZ, where X and Y are transition-metal elements and Z is a main group element. In Heusler alloys, there are four unique crystal sites, namely, A ͑0, 0, 0͒, B ͑1/4, 1/4, 1/4͒, C ͑1/2, 1/2, 1/2͒, and D ͑3/4, 3/4, 3/4͒ in Wyckoff coordinates as presented in Fig. 2 . Generally, the site preference of different 3d elements in Heusler alloys is determined by the number of their valence electrons.
14 Elements with more valence electrons tend to enter the A and C sites, while elements with less electrons prefer the B site. In order to investigate the site preference in Mn 2 NiSb, we have performed first-principles calculations for two different configurations: one is with two Mn atoms that enter the A and C sites and form the Cu 2 MnAl-type of structure and the other is with two Mn atoms that occupy the A and B sites and form the Hg 2 CuTi-type of structure.
14 The calculation is based on the pseudopotential method with a planewave basis set based on density-functional theory. [15] [16] [17] The electronic exchange-correlation energy was treated under the local-density approximation. 18, 19 The calculations are based on the experimental lattice constant.
Barman and Chakrabarti 20 made a detailed study on the magnetic structure of Mn 2 NiGa. It is found that the calculated partial moments of the martensitic phase of Mn 2 NiGa are quite sensitive to the starting Mn configurations. In order to find reliable results, we have performed calculations for both parallel and antiparallel configurations of the Mn moments. In antiparallel configuration, different values of Mn ͑A͒ and Mn ͑B͒ moments were considered. It is proved that the antiparallel configuration of Mn moments will lead to a total spin moment of 1.33 B , which is much smaller than the saturation magnetization of 4.20 B at 5 K, as will be presented below. In contrast, the results for the parallel configuration agree well with the experimental value. Therefore, we will mainly discuss the results of the parallel configuration in this paper.
It is found that the energy difference between the Hg 2 CuTi-type and Cu 2 MnAl-type Mn 2 NiSb is Ϫ0.26 eV, indicating that the Hg 2 CuTi-type structure is more stable. This agrees with previous work on Mn 2 NiGa and Mn 2 NiSn ͑Refs. 13 and 21͒ in which the two Mn atoms prefer occupying the A and B sites and are nearest neighbors.
The calculated total density of states ͑DOS͒ and partial DOS ͑PDOS͒ of Mn 2 NiSb are shown in Fig. 3͑a͒ . In order to understand the electronic structure better, we present the DOS of ferrimagnetic Mn 2 NiGa in Fig. 3͑b͒ for comparison. Due to the same atomic configuration, the general shape of their total DOS is similar. In the majority-spin states, a threepeak structure is identified, which arises from contributions of spin-up bonding and antibonding states of both the Mn and the Ni atoms. In the minority-spin states, there is a pseudogap below the Fermi level, which separates the minority DOS into two parts. The peaks below the gap are mainly bonding states and the peaks above are antibonding ones. It is clear that in the two spin directions, the d states are wide on energy scale ͑−4 -+ 2 eV͒. This is due to the hybridization between the Mn and Ni d states. It has been reported that the covalent hybridization between the lower-energy d states of the higher-valent transition metal atom such as Ni or Co and the higher-energy d states of the lower-valent transition metal such as Mn is strong and leads to the formation of bonding and antibonding bands. 22 However, since Sb has a larger atomic radius and more valence electrons than Ga, there will be a different influence 
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Ground state on the electronic structure and the spin moments. The change is quite obvious in the majority-spin states, which are shifted to lower energy in Mn 2 NiSb. The Fermi level lies at the antibonding peak in the majority DOS of Mn 2 NiSb, while it is in an energy gap in Mn 2 NiGa. This leads to an increase in the total spin moment as the Z atom varies from Ga to Sb. 23 The movement of the Fermi level is mainly due to the increase in the valence electrons, which fill in the majority band and introduce more occupied states. In the minorityspin states, a new gap is opened around Ϫ2 eV below the Fermi level, indicating an increasing localization effect with a larger lattice constant of Mn 2 NiSb compared with that of Mn 2 NiGa. The influence on the electronic structure is seen more clearly in their PDOS. For Mn 2 NiGa, in the majority PDOS of Mn ͑B͒, the two peaks are basically below the Fermi level and occupied. In the minority PDOS, the exchange splitting moves the antibonding peak to high above the Fermi level, which results in a large localized moment of Mn ͑B͒. In contrast, the partial DOS of Mn ͑A͒ lies mainly below E F in the minority-spin states and partly above E F in the majorityspin states. Therefore the contributions to the total DOS from Mn ͑A͒ and Mn ͑B͒ are opposite to each other, indicating an antiparallel configuration of their spin moments. For Mn 2 NiSb, the PDOS of Mn ͑B͒ has a similar two-peak structure, and the exchange splitting is enhanced compared with that of Mn 2 NiGa, which results in a larger Mn ͑B͒ moment in Mn 2 NiSb. However, the case in the PDOS of Mn ͑A͒ is quite different. In the majority-spin states, both the bonding and antibonding peaks are shifted to low energy and basically to below the Fermi level, and in the minority-spin band, an obvious peak appears above E F , while there is no peak in Mn 2 NiGa. All this favors the ferromagnetic coupling between the Mn ͑A͒ and Mn ͑B͒ moments in Mn 2 NiSb. As has been discussed above, this change may have two possible causes, one being the expanded lattice constant of Mn 2 NiSb. As has been found in MnSb and other compounds, the exchange-coupling constant is sensitive to the Mn-Mn distance. When the distance is expanded to some extent, the exchange-coupling constant will become positive and lead to ferromagnetic coupling. [24] [25] [26] The other possible cause may be the s-p atoms, which provide p states to hybridize with d states of Mn and Ni and determine the occupation degree of the p-d orbitals. In Fig. 3 , it is seen that the p states of Sb are stronger than the ones of Ga, indicating a strong covalent interaction between the Mn 3d and Sb 5p bands, which lowers the energy and favors ferromagnetic alignment. 24, 27 In both Mn 2 NiGa and Mn 2 NiSb, the states of Ni are basically below the Fermi level and occupied. They are rather symmetric in both spin-up and spin-down directions and equally populated with small contributions to the total moment.
The calculated total and partial spin moments of Mn 2 NiSb and Mn 2 NiGa are given in Table I Figure 4 gives the magnetization curves of Mn 2 NiSb measured from 5 to 300 K. At 5 K, the saturation magnetization M s of the sample is 4.20 B / f.u., which is quite close to the calculated 4.21 B , showing that the theoretical calculation is reliable. In addition, the calculation on Mn 2 NiSb with the Cu 2 MnAl-type of structure gives a total moment of 3.70 B / f.u., which is obviously smaller than the experimental value, confirming that the Cu 2 MnAl-type of structure is not favorable for Mn 2 NiSb. It can also be seen in Fig. 4 Fig. 5 . It can be seen that only one sharp ferromagnetic-paramagnetic transition is observed around 650 K, proving the alloy is a single phase. Below T C , the susceptibility decreases slowly with temperature, which is mainly due to the magnetocrystalline anisotropy of the sample. In the ac susceptibility measurement, the applied field is low to minimize the influence of the field to the magnetization. However, under such a low magnetic field, the magnetocrystalline anisotropy effect is usually stronger than that of the magnetic field to the magnetization, and thus the gradual decrease in the susceptibility value with decreasing temperature can be observed. The Curie temperature is 647 K, which is a relatively high value for the Mn-based Heusler alloys. In Mn-based Heusler alloys, Mn 2 VAl has the highest Curie temperature of 740 K. 28 However, this compound crystallizes in the Cu 2 MnAl-type of structure in which the two Mn atoms are not nearest neighbors. Therefore in Mn 2 VAl, the magnetic transition temperature is mainly determined by the Mn-V exchange interaction. 29 For the Mnbased alloys with the Hg 2 CuTi-type of structure, the Curie temperatures of Mn 2 NiGa and Mn 2 CoSb are 588 and 485 K, 13, 30 respectively, and the Mn moments in these compounds are antiparallel. We concluded that the high Curie temperature of Mn 2 NiSb is strongly associated with the ferromagnetic coupling and with the enhanced exchange interaction between the Mn atoms in this compound.
IV. CONCLUSION
In summary, a Mn-based Heusler alloy Mn 2 NiSb has been synthesized, and its electronic structure and magnetic properties were investigated both theoretically and experimentally. The results are compared with Mn 2 NiGa, a newly discovered FSMA, and it is found that when the s-p element varies from Ga to Sb, the lattice constant and the number of valence electrons increase, which leads to a clear change in the electronic structure. Mn 2 NiSb is shown to be a ferromagnetic stoichiometric Mn-based Heusler alloy. The calculated total moment is 4.21 B / f.u., which agrees well with M s at 5 K. The partial spin moments of Mn ͑A͒, Mn ͑B͒, and Ni are 0.6, 3.30, and 0.3 B , respectively. The Curie temperature of Mn 2 NiSb is 647 K, indicating a strong exchange interaction between Mn atoms.
